A simplified mass conserving solution approach, consisting of analytical and numerical methods, for performance evaluation of dynamically loaded journal bearings is presented. The analytical technique is used to determine position and velocity ofjournal center for given force components. Subsequently a finite difference formulation of universal Reynolds equation is used to calculate realistic oil flow. The proposed formulation is applied for analysis of an engine main bearing. The entry and exit flow and maximum pressure in the bearing are determined over complete cycle and matched with published results obtained by numerical scheme. The suggested hybrid computational method typically takes 55 s on ICL DRS 6000, and 29 s on 150 MHz Pentium-Pro computer.
INTRODUCTION
Journal bearings, used in reciprocating and rotary compressors, and internal combustion engines are subjected to large fluctuating loads. For example, a rotor in a rotary compressor for air conditioner whirls largely by unbalanced forces due to the eccentric rotation of the rolling piston, and by gas forces induced by the difference in pressure between compression and suction gases. Under large dynamic forces the rotor vibrates severely and the amplitude of vibration approaches the bearing radial clearance. The rotor-bearing system under such severe conditions becomes non-linear due to large variation in the stiffness and damping coefficients of the oil film. This system can be studied effectively only by accounting for the non-linear forces produced by fluid film journal bearings.
Such non-linear dynamics problem must be analyzed sequentially by integration of the Reynolds equation at various discrete time steps.
A comprehensive range of solution schemes has been developed to evaluate the performance of bearing under large dynamic loads. These solutions can be categorized as rigorous and rapid methods. The rigorous methods involve oil feed features, transient evaluation of cavitation boundaries in lubricant film, etc. to predict minimum film thickness, maximum pressure, oil flow and power loss accurately if only massive computational facilities are made available. On the other hand, rapid solution techniques are easy to use and predict fairly accurate results of minimum film thickness and maximum pressure. Since these parameters have profound effects on lubricant flow and power dissipation, a solution scheme is required which takes less computation time on desktop computer and predicts bearing performance accurately.
Rapid design tools for analysis of dynamically loaded journal bearings are established analytically (Booker, 1971; Ritchie, 1975; Hirani, 1998) , graphically (Booker, 1965) and curve fit forms (Moes and Bosma, 1981; Goenka, 1984) . Solutions can be obtained within a few seconds from an interactive computer terminal, by entering the initial data describing the application. Most of these methods are based on Gumbel and Reynolds cavitation boundary conditions. The load capacity and maximum pressure can be predicted with reasonable accuracy using these boundary conditions. However, Gumbel boundary condition does not satisfy the continuity of flow at film rupture as well as reformation, so cannot predict the start and end of pressure curve accurately. Similarly Reynolds cavitation boundary condition represents rupture interface in a reasonable way but does not conserve when the film is re-established. Therefore the lubricant flow and to some extent power loss cannot be accurately determined using Reynolds boundary condition.
The collective work of Jakobsson-Floberg and Olsson, often referred as JFO theory (Dowson and Taylor, 1974) , has provided boundary conditions which conserve the mass at the interface between the full film and the cavitation zones at rupture and reformation boundary. This condition is consistent with conservation of mass and provides better insight of the phenomenon (oil-streamers in cavitation region). Therefore the performance of bearing can be predicted more precisely using JFO theory. The disadvantage of this condition is difficulty to accommodate in computer codes because complication arises in numerical treatment of the nonlinear boundary conditions. Elrod (1981) developed a finite difference algorithm that incorporate JFO theory in a very simple manner. This computational scheme, known as Elrod algorithm or mass conserving algorithm is valid for complete geometry of the clearance space in shaft-bearing system. This algorithm automatically handles cavitation regions and operates satisfactorily with or without cavitation being present. If cavitation pressure is reached in a given application, the algorithm automatically introduces a cavity conforming to the requirements of mass continuity, i.e. JFO boundary conditions. In Fig. the oil flow predicted using Gumbel, Reynolds and JFO theory is compared with the experimental flows for three arrangements. This indicates necessity of the application of mass conserving algorithm for dynamically loaded journal bearings for realistic prediction of oil flow.
The analysis of a dynamically loaded journal bearing follows an altogether different approach, and is more complex and extensive compared to that for the case of steadily loaded journal bearing. In the analysis of steadily loaded fluid bearing the film geometry is generally specified or assumed. The fluid pressure consequent to that geometry is then integrated to find the load capacity of bearing. For the analysis of dynamically loaded bearing the calculation must proceed in the reverse direction, i.e. for a known load pattern, and the film geometry (its rate of change) is to be evaluated, which makes it an 'inverse problem'. Implementation of mass conserving algorithm for indirect problem requires a number of iterations at every time step. Moreover, the algorithm often diverge from true solution, and requires a time step splitting to remove the instability. This further increases the computational time significantly, and often requires the extensive computer facilities such as the super computer. Therefore due to high computational cost for inverse problem, the mass conserving algorithm is not very popular with design engineers or engineers in the field.
To determine the oil flow in dynamically loaded bearing within a few seconds various researchers (Martin and Lee, 1983; Martin and Stanojevic, 1990; Conway-Jones et al., 1991; Boedo and Booker, 1990 ) have suggested different curve fit methods. But there is lack of agreement between these curve fit equations and are deficient to determine oil flow accurately. Therefore a solution scheme is required which is rapid on the desktop computer and also predicts bearing performance accurately.
Kumar and Booker (1991) showed that mass conservation algorithm is unimportant in determining journal motion except probably when the load applied to the bearing is supported by an incomplete film. Vincent et al. (1996) worked on mass conserving boundary conditions and predicted similar trajectory to the trajectory obtained with the Reynolds boundary condition.
To overcome the drawbacks pointed out, a hybrid solution approach for performance evaluation of dynamically loaded journal bearings is represented in this paper. This contains the analytical and numerical approaches. The eccentricity ratio and journal center velocity for known force components are calculated using an analytical approach (Hirani, 1998 
Within the cavitation region the pressure is assumed to be uniform and equal to Pc. Since/5 is large (-500 MPa), c is slightly greater than unity in the full film zone, therefore Eq. (6) may be approximated as P Pc + g(a-1).
Introducing the switch function (g) and replacing the pressure in terms of a, Eq. (5) 
The expression for pressure-induced flow in the z direction can be written in a similar fashion.
Alternating Direction Implicit Scheme
To evaluate the c, hence pressure distribution, a time march solution of Eq. (8) These equations can be represented by a cyclic tridiagonal system (Press et al., 1992) and solved by tridiagonal solver using Sherman-Morrison formula (Press et al., 1992 (1) Assign initial values for c, q5, 8, and cij, gi#. Initially, all nodes are assumed to be in the full film, and all c (except at groove locations) and g are equal to 1.
(2) Determine 01 and 02 using Eq. (2). To illustrate the efficiency of the proposed simplified mass conserving algorithm a main crankshaft bearing (Paranjpe and Goenka, 1990 ) is analyzed. A comparison for the distribution of inflow (Fig. 2) , out-flow (Fig. 3 ) and power loss (Fig. 4) proposed hybrid scheme. Therefore one can say that the suggested computational scheme combines the good features of analytical and numerical methods and can be used with confidence for design of dynamically loaded journal bearing. 
